Phosphorylation of Ser-627 is both necessary and sufficient for full activity of the expressed 35-kDa catalytic domain of myosin I heavy chain kinase (MIHCK). Ser-627 lies in the variable loop between highly conserved residues DFG and APE at a position at which a phosphorylated Ser͞Thr also occurs in many other Ser͞Thr protein kinases. The variable loop of MIHCK contains two other hydroxyamino acids: Thr-631, which is conserved in almost all Ser͞Thr kinases, and Thr-632, which is not conserved. We determined the effects on the kinase activity of the expressed catalytic domain of mutating Ser-627, Thr-631, and Thr-632 individually to Ala, Asp, and Glu. The S627A mutant was substantially less active than wild type (wt), with a lower k cat and higher K m for both peptide substrate and ATP, but was more active than unphosphorylated wt. The S627D and S627E mutants were also less active than phosphorylated wt, i.e., acidic amino acids cannot substitute for phospho-Ser-627. The activity of the T631A mutant was as low as that of the S627A mutant, whereas the T632A mutant was as active as phosphorylated wt, indicating that highly conserved Thr-631, although not phosphorylated, is essential for catalytic activity. Asp and Glu substitutions for Thr-631 and Thr-632 were inhibitory to various degrees. Molecular modeling indicated that Thr-631 can hydrogen bond with conserved residue Asp-591 in the catalytic loop and that similar interactions are possible for other kinases whose activities also are regulated by phosphorylation in the variable loop. Thus, this conserved Thr residue may be essential for the activities of other Ser͞Thr protein kinases as well as for the activity of MIHCK.
Acanthamoeba myosin I heavy chain kinase (MIHCK) activates amoeba myosin I molecules by phosphorylating a single Ser or Thr residue within the subfragment 1 portion of their single heavy chains (refs. 1 and 2; for review, see ref. 3) . Acanthamoeba MIHCK also phosphorylates the light chain of, and activates, smooth muscle myosin II (3, 4) . MIHCK is a member of the p21-activated protein kinase (PAK) family (5) . All PAKs have highly homologous catalytic domains (6) (7) (8) and most, including MIHCK (9) , have been shown to be activated by the small GTP-binding proteins Rac and Cdc42. MIHCK and typical mammalian and yeast Paks have similar substrate specificities in vitro including the ability to phosphorylate and activate Acanthamoeba and Dictyostelium myosin I molecules (10, 11) .
MIHCK is a 79.3-kDa protein with a 35-kDa C-terminal catalytic domain (5, 12) . The activity of native MIHCK is enhanced ϳ50-fold by phospholipid (and plasma membrane)-stimulated autophosphorylation incorporating 8-10 mol of phosphate per mol of protein (13) (14) (15) (16) . The expressed 35-kDa catalytic domain is also regulated by autophosphorylation (17) ; phosphorylation of a single Ser residue [Ser-627 in the sequence of the full-length protein (9) ] is both necessary and sufficient for full activity of the expressed catalytic domain. Ser-627 is also phosphorylated in the fully active native kinase (17) .
Ser-627 of MIHCK lies within the variable region between residues DFG and APE that are highly conserved in all protein kinases (for review, see ref. 18 ). Phosphorylation within this variable region regulates the activities of several other kinases ( Fig. 1) including Pak (19, 20) , cAMP-dependent protein kinase (cAPK), extracellular signal-regulated protein kinase (erk2), cyclin-dependent protein kinase (cdk2), and insulin receptor kinase (for review, see refs. 21 and 22) . Ser-627 of MIHCK is at precisely the same position as the regulatory phospho-Thr of cAPK and Pak ( Fig. 1) , 11 residues N-terminal to the conserved Glu in the APE sequence, but the position of the phosphorylated residue is not identical in all regulated kinases ( Fig. 1) , and phosphorylation of more than one site within this region may be required for full activity of some of them (for review, see refs. [21] [22] [23] . In addition to Ser-627, the variable loop of MIHCK contains two other hydroxyamino acids: Thr-631 and Thr-632 (5) . Almost all Ser͞Thr protein kinases have a Thr at the position of Thr-631 in MIHCK, 7 residues N-terminal to the Glu of the conserved APE sequence, where almost all Tyr protein kinases have a Pro (18) .
In this article, we report the effects on the activity of the expressed catalytic domain of MIHCK of individually substituting Ala, Asp, and Glu for each of the three hydroxyamino acids in the variable loop. The results confirm the importance of Ser-627 for MIHCK activity and, further, show that highly conserved Thr-631, which is not phosphorylated, is also required for full enzymatic activity of the MIHCK catalytic domain.
wt DNA sequence for this region is 514CAGGACAAACG-CGCGTCTGTGGTGGGCACGACGTACTGGATGG556 (the bases coding for Ser-627, Thr-631, and Thr-632 are underlined). The final PCR products were cloned into pBlueBacHis vector (Invitrogen) between BglII and HindIII sites, which provided an N-terminal His-tag. The DNA sequence of the mutated region was confirmed for all mutants.
Protein Expression and Purification. Insect Sf9 cells were cotransfected with plasmid and viral Autographa californica multiple nuclear polyhedrosis virus DNA by using the Bac-NBlue transfection kit (Invitrogen), and plaque assays and viral stock amplifications were done according to standard procedures. The wt and mutated MIHCK catalytic domains were expressed in Sf9 cells and purified as described for the wt catalytic domain (5) . The purity of each of the mutant proteins was similar to that of the expressed wt protein (5), as determined by SDS͞PAGE (data not shown). Myosin IC was expressed in Sf9 cells and purified as described (24) . Protein concentrations were determined by the Bio-Rad protein assay.
Mass Spectrometry. The amino acid sequences of all of the mutated regions, the total sequence of T631E, the extent of phosphorylation of the peptides of interest, and the identification of the phosphorylated residue were all determined by mass spectrometry of proteolytic digests of proteins separated by PAGE, as described (ref. 17 and S. Zhang, C.J.H., P. R. Romano, J.S., H.B., E. G. Hinnebusch, and J.Q., unpublished results).
Phosphorylation of Proteins. To obtain fully autophosphorylated proteins, the purified wt and mutant MIHCK catalytic domains (0.1-0.25 mg͞ml) were incubated at 30°C in 50 mM imidazole (pH 7.0) containing 2.5 mM ATP, 3.5 mM MgCl 2 , 2 mM EGTA, and BSA (0.2 mg͞ml). The extent of autophosphorylation was determined by mass spectrometry as described above. The T631E mutant (which autophosphorylated extremely slowly, if at all) was phosphorylated by incubating it with either wt catalytic domain or native full-length MIHCK that had been fully activated by autophosphorylation. T631E was incubated with wt catalytic domain, 95:5 (mol͞mol), under the same conditions as for autophosphorylation of the other mutants. Kinase activity was measured immediately after incubation and was corrected for the activity of wt catalytic domain, which was incubated and assayed in parallel. Alternatively, T631E (0.2 mg͞ml) was incubated at 30°C with fully phosphorylated native MIHCK (0.03 mg͞ml) for 45 min in 10 mM imidazole (pH 7.0) containing 2.5 mM ATP, 5 mM MgCl 2 , and BSA (0.2 mg͞ml). After incubation, samples were mixed with Ni-NTA (nitrilotriacetic acid) resin (1 l of packed resin per g of protein) that was washed three times with 10 mM imidazole (pH 7.0) containing 500 mM NaCl and 10 mM 2-mercaptoethanol to remove the full-length MIHCK. T631E was eluted with 125 mM imidazole (pH 7.0) containing 100 mM NaCl, 10 mM 2-mercaptoethanol and 15% glycerol.
Kinase activity was measured immediately after elution. As controls, MIHCK and T631E were separately incubated, processed, and assayed under the same conditions, and their activities subtracted from the activity of phosphorylated T631E. Protein concentrations were measured by scanning Coomassie blue-stained gels of the proteins eluted from Ni-NTA.
Kinase Assays. Routine assays were performed with either the 9-residue synthetic peptide PC9 [GRGRSSVYS, the sequence of the phosphorylation site of myosin IC (2)] or myosin IC as substrates. The MIHCK catalytic domain was incubated at 30°C with either 200 M PC9 or 4 M myosin IC in 50 mM imidazole (pH 7.0) containing 2.5 mM [␥-32 P]ATP (30,000 cpm͞nmol), 3.5 mM MgCl 2 , 2 mM EGTA, and BSA (0.2 mg͞ml). The reaction was stopped with acetic acid (when the substrate was PC9) or SDS (when the substrate was myosin IC), and the extent of substrate phosphorylation was determined as described for PC9 (14) and myosin IC (13) . The time of incubation was varied, depending on the enzyme activity, so 
RESULTS AND DISCUSSION
Phosphorylation State of Purified Catalytic Domains. The extent of phosphorylation of the expressed proteins was estimated from the relative amounts of the phosphorylated and unphosphorylated tryptic peptides (17) , as determined by matrix-assisted laser desorption ionization time-of-flight mass spectrometry. Ser-627 of wt, T631A, and T632A were 100% phosphorylated and T631D, T632D, and T632E were 70%, 70%, and 80% phosphorylated, respectively, as isolated. As expected, all of the Ser-627 mutants were completely unphosphorylated as was T631E. When incubated with ATP, phosphorylation of T631D and T632D increased to 95% and 80%, respectively, in 20 min and T632E was 100% phosphorylated in 10 s. As determined by mass spectrometry, there was no detectable autophosphorylation of T631E even after 20 min. Autophosphorylation did not significantly affect the kinase activity of any of the mutants when assayed at substrate concentrations of 2.5 mM ATP and 200 M PC9. The kinetic constants reported in this article were obtained for the proteins as isolated. Except for T631E (see below), this would cause no more than a 30% error in the calculated values for k cat , which is appreciably less than the differences among the mutant enzymes.
Comparison of the Activities of the Expressed wt Catalytic Domain and Native Full-Length Kinase. The k cat and K m (peptide) values for the expressed wt catalytic domain, 71 s Ϫ1 and 0.15 mM, respectively, were both higher than the values of 11 s
Ϫ1
and 50 M for full-length MIHCK (14) but are consistent with the activity of the catalytic domain obtained by proteolysis of phosphorylated native kinase.** Previously, we had reported that the N-terminal region of unphosphorylated native kinase strongly inhibits the activity of the C-terminal catalytic domain (25) . The differences in k cat and K m (peptide) between the fully phosphorylated native MIHCK and the phosphorylated wt catalytic domain suggest that this inhibition, although weaker, also occurs in the fully phosphorylated enzyme.
Effect of Mutations on the Kinase Activity of the Expressed Catalytic Domain. Ser-627. As expected, the S627A mutant had significantly lower catalytic activity than wt (Table 1) due about equally to a lower k cat and higher K m (peptide) and K m (ATP) values resulting in a 40-fold decrease in the ratio of k cat ͞K m (peptide) and 25-fold decrease in the ratio of k cat ͞ K m (ATP). However, the decrease in the ratio k cat ͞K m (peptide) is an order of magnitude less than that caused by substituting Ala for the homologous Thr-197 of cAPK (26) , which suggests that regulation by phosphorylation is less tight for the MIHCK catalytic domain than for cAPK (of course, regulation of full-length MIHCK might be more pronounced).
Because of its relatively high activity, it was of interest to compare the activity of S627A to the activity of unphosphorylated wt. However, autophosphorylation of the unphosphorylated wt was far too rapid, under the required assay conditions, to determine its k cat and K m values. Instead, the activities of phosphorylated, dephosphorylated, and rephosphorylated wt and S627A were compared at a single concentration of ATP [2.5 mM, which is substantially higher than K m (ATP) for both wt and S627A] and a single concentration of peptide [1 mM PC9, which is much higher than K m (peptide) for wt but about equal to the value for S627A]. The enzyme concentrations were as low as possible to minimize the rate of autophosphor- (15)] of the dephosphorylated wt. As expected, the activity of the dephosphorylated wt increased during the incubation (Fig. 3 ) due to its autophosphorylation. At early times (Fig. 3 Inset) , S627A was about twice as active as dephosphorylated wt. Phosphorylated wt was about 12 times more active than dephosphorylated wt [consistent with the ratio of about 15:1 published previously (17) ].
The catalytic constants for S627D were essentially the same as for S627A; k cat for S627E was about 4-fold higher than k cat for S627A but their K m values were similar. The same results were obtained for two independent clones of S627E. Therefore, at least in the expressed catalytic domain, neither Asp nor Glu can fully substitute for the regulatory phospho-Ser.
Thr-631. Substitution of Ala, Asp, or Glu for the conserved Thr-631 was at least as inhibitory as substitution of these three amino acids for Ser-627 (Table 1) . T631A had about the same activity as S627A with essentially identical values for both k cat ͞K m (peptide) and k cat ͞K m (ATP). T631D was less active than S627D and T631E was much less active than S627E, principally because of lower k cat values. The results for T631E were confirmed with three preparations. The entire protein sequence of T631E was confirmed by mass spectrometry to be certain that inadvertent mutations elsewhere in the molecule were not responsible for the very low activity.
As mentioned, Ser-627 was not phosphorylated in the expressed T631E and was not autophosphorylated even after prolonged incubation with ATP. To determine whether the unphosphorylated Ser-627, rather than the substitution of Glu for Thr, might have accounted for its very low activity, T631E was incubated with exogenous kinase to phosphorylate Ser-627. As determined by mass spectrometry, T631E was fully phosphorylated on Ser-627 after incubation for 10 min with wt catalytic domain and after incubation for 45 min with native kinase. The activity of fully phosphorylated T631E was still too low, however, for accurate determination of its k cat and K m values. Therefore, the activity of phosphorylated T631E was compared with the activities of unphosphorylated T631E and wt under a single set of conditions, 2.5 mM ATP and 0.4 mM peptide. Under these conditions, phosphorylated T631E was 4-
Comparison of the time courses of phosphorylation of peptide PC9 by the following MIHCK catalytic domains: Ⅵ, phosphorylated wt (12 g͞ml); OE, dephosphorylated wt (4 g͞ml); ƒ, rephosphorylated wt (3.5 g͞ml); E, the S627A mutant (42 g͞ml). Kinase was dephosphorylated and rephosphorylated as described (17) . The peptide concentration was 1 mM and ATP was 2. to 10-fold more active than unphosphorylated T631E, thus approaching the activity of T631D, but still much less active than wt (data not shown). These results suggest that substituting Glu for Thr-631 inhibits autophosphorylation of the expressed catalytic domain even more than it inhibits substrate phosphorylation.
Similar results were obtained when the activities of T631A and wt were compared with myosin IC as substrate. Under a single set of conditions, 4 M myosin IC and 2.5 mM ATP, T631A was about 10-fold less active than wt, 0.15 s Ϫ1 and 1.6 s Ϫ1 , respectively.
Thr-632. In contrast to Thr-631, substitution of Ala for Thr-632 had no significant effect on kinase activity (Table 1) ; however, as for Thr-631, substitution of Asp and Glu for Thr-632 reduced k cat (about 3-fold) and increased both K m values (about 4-fold).
Modeling the MIHCK Catalytic Domain. To gain some insight into which residues might interact with phospho-Ser-627 and the possible role of the conserved Thr-631, we generated the three-dimensional structure of the MIHCK catalytic domain by homology modeling to the published crystal structures of the following kinases: cAPK complexed with ATP and protein kinase inhibitor (Protein Data Base accession code 1ATP, ref. 27) accession code 1CSN, ref. 34 ). The best fit † † was obtained by using the 1ATP structure of cAPK as the template (Fig. 4) .
Ser-627. As mentioned above, Ser-627 of MIHCK is in the same position in the linear sequence as Thr-197 in cAPK ( Fig.  1 and refs. 17 and 35 ). In the three-dimensional structure of cAPK (Fig. 4) , the phosphate group of phospho-Thr-197 hydrogen bonds with Arg-165 (which immediately precedes the catalytic Asp-166 that is absolutely conserved in all kinases), with Lys-189 and with The model of the MIHCK catalytic domain (Fig. 5) shows some of these interactions for Ser-627 and Thr-631 of MIHCK. The phosphate group on Ser-627 hydrogen bonds with Arg-590 (which immediately precedes the conserved Asp-591 in the catalytic loop) and possibly also with Arg-625 (in the DFG-APE variable loop). Phospho-Ser-627 of MIHCK is also in contact with Tyr-645 (which is C-terminal to the variable loop) but, in contrast to cAPK, the phosphate group in the model of MIHCK does not seem to interact with the N-terminal lobe of the kinase domain. The possibility that phospho-Ser-627 of MIHCK may interact with fewer residues than does phosphoThr-197 of cAPK is consistent with the experimental observations that phospho-Ser-627 of the MIHCK catalytic domain is readily dephosphorylated by exogenous phosphatase (17) whereas phospho-Thr-197 of cAPK is not (35, 36) .
Thr-631. The relatively low activity of all of the three point mutations of Thr-631 indicates an important, but unknown, function for this highly conserved residue (see Fig. 1 ). In the crystal structure of cAPK complexed with peptide substrate, Thr-201 [which corresponds to MIHCK Thr-631 ( Fig. 1)] bonds to, and presumably helps ensure proper orientation of, conserved Lys-168 in the catalytic loop (ref. 37 and Fig. 6 ), a residue that helps anchor the peptide substrate and the ␥-phosphate of ATP. In our model of the MIHCK catalytic domain (Fig. 5) , Thr-631 is closer to Asp-591 (Ͻ3 Å, Table 2 ) than to Lys-593 (4.5 Å), which corresponds to cAPK Lys-168 (Fig. 6) . The residue that corresponds to MIHCK Asp-591 in cAPK is Asp-166 (in the catalytic loop), which, like cAPK Lys-168, serves to anchor the peptide substrate and the ␥-phosphate of ATP (27) . In the 1ATP crystal of cAPK, Asp-166 and Thr-201 are close enough to hydrogen bond (Table 2 ).
Similar interactions are also possible for the two other kinases whose crystal structures have been determined and that require phosphorylation of a Ser or Thr in the DFG-APE variable loop for full activity (Fig. 1) : the conserved Thr residue in the variable loops of the activated form of cdk2 (1JST) and erk2 (1ERK) is close enough to interact with either the conserved Asp or Lys in their catalytic loops (Figs. 1 and 6 and Table 2 ). On the other hand, the conserved Thr and the catalytic loop are too far apart for hydrogen bonding in the structures of kinases that are not regulated by phosphorylation in the variable loop, i.e., phosphorylase kinase (1PHK), casein kinase (1CSN) and twitchin kinase (1KOA, ref. 38) , data not shown. It is not excluded, however, that similar interactions may also be important for these latter enzymes as the conserved Thr may be close enough to hydrogen bond with a † † The model score for cAPK was 102 [this is a statistically based ''threading'' score (Profiles 3D, Molecular Simulations)]. The model scores for other crystals varied between 71 and 95. The expected score for the native MIHCK structure is 138. Table 2 . Distances between conserved Thr residues in the variable loops (Fig. 1) and conserved Lys and Asp residues in the catalytic loops (Fig. 6) (Fig. 5) . Because this is a hydrophobic interaction, however, its contribution to the protein structure is likely to be less specific than the potential hydrogen bonding of Thr-631 to Asp-591. The residues in Pak and Ste20 that correspond to MIHCK Trp-634 is also Trp but it is Tyr in cAPK, cdk2, and erk2 (Fig. 1) .
Possible Implications for Other Kinases. We have found that Thr-631, which is highly conserved in the variable loop in Ser͞Thr kinases, is important for the activity of the MIHCK catalytic domain and that it is not phosphorylated. It was previously suggested (37) that the corresponding Thr in cAPK hydrogen bonds to a conserved Lys in the catalytic loop. The analysis in this article of the crystal structures of cAPK, cdk2, and erk2 and the MIHCK model suggests that hydrogen bonding of the conserved Thr in the variable loop to the conserved Lys or conserved Asp in the catalytic loop may be of general importance for the activity of Ser͞Thr kinases. The reported decreases in activity of several other Ser͞Thr kinases caused by mutation of this conserved Thr (39) (40) (41) are consistent with this proposal.
Although some other Ser͞Thr kinases have either a Ser or Thr residue at a position corresponding to Ser-627 of MIHCK, this residue is not highly conserved. It is present, however, in all members of the PAK family. In agreement with our results for Ser-627 of MIHCK, phosphorylation of the corresponding hydroxyamino acid of Pak from brain and placenta correlates with enhanced kinase activity (19, 20) but, in apparent conflict with our results, the double substitution of Ala for Thr-772 and Thr-773 in yeast Ste20 (one of which corresponds to Ser-627 in MIHCK) was found not to block kinase function in vivo (39) . Quantitative analyses of kinase activities in vitro are necessary to determine if the catalytic activity of the double-Ala mutant of Ste20 might be significantly less than wt activity, as we find for the S627A mutant of MIHCK catalytic domain, although sufficient to carry out the essential functions of Ste20 in vivo.
